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a b s t r a c t
Morphologically novel tungsten nanorods (WNRs) with the co-existence of two crystalline phases,
α -W (thermodynamically stable) and β -W, were fabricated by glancing angle RF magnetron sputtering
technique under various Ar pressures and ﬂow rates. For these nanorods, a signiﬁcant variation in their
morphology and surface roughness was observed. These structures could be useful in a wide range of
applications such as ﬁeld emission, robust superhydrophobic coatings, energy, and medicine.
© 2010 Elsevier B.V. All rights reserved.
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1. Introduction
One-dimensional nanostructural thin ﬁlms, such as nanorods,
fabricated by the glancing angle deposition technique (GLAD) [1–4]
have shown potential applications in a wide range of technological
disciplines: in the enhancement of ﬁeld ionization in pyroelectric
crystal D–D nuclear fusion [5], ﬁeld emission [6], superhydrophobic coatings [7], photonic crystals [8], surface enhancement Raman
spectroscopy SERS [9], humidity sensors [10], thermal barrier coatings [11], and solar cells [12]. The wide range of suggested applications of these nanorods is due to their high aspect ratio of surface
area to volume, anisotropy, controlled porosity, and tunable morphology.
The GLAD technique, as a Physical Vapor Deposition (PVD)
method, is based on impingement of the incident ﬂux onto the
substrate from an oblique angle of α > 80◦ (the angle between
substrate normal and incident ﬂux) [1]. Azimuthal rotation of the
substrate during deposition controls the uniformity and columnar
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alignment, a brush-like morphology, parallel to the surface normal
to the substrate alignment [4]. However, competition between limited surface adatom mobility and extreme shadowing effects play
the critical roles in the evolution of the columnar structure of the
thin ﬁlm [13]. By varying the deposition parameters, the morphology and porosity of the nanostructural thin ﬁlms for various materials have been previously investigated using both experimental
and simulation approaches. For this, parameters such as substrate
rotation angle ϕ [14], incidence ﬂux angle α [15], the ratio of substrate temperature to the materials melting point T s / T m [16], and
deposition rate [17] have been proven to have a signiﬁcant role in
the morphology of the synthesized nanostructures.
The two phases of Tungsten; the stable phase (bcc) α -W which
is thermodynamically favorable and the metastable phase (A15)
β -W have different properties. The lattice parameters of the two
phases are 3.16 and 5.04 Å for (bcc) W and (A15) W, respectively.
The electrical resistivity of α -W is always lower than the electrical
resistivity of β -W due to the larger grain size and lower oxygen
concentration [18]. Related to the deposition parameters, the appearance of the two phases in the case of normal incidence thin
ﬁlms have been reported by some researcher [18–20]. However, in
the case of GLAD, Karabacak et al. have reported only the formation of β -W phase [21]. In another study, Singh et al. [22] have
shown that the WNRs with β -W phase can be used as ﬁeld ion-
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izer at low operating voltage. To our knowledge, the creation of
the two phases for WNRs has not been reported yet.
Resistive thermal evaporation, electron beam thermal evaporation, and sputtering methods have been extensively used to deposit nanostructural thin ﬁlms using the GLAD technique. But the
variation of working gas such as Ar pressure in the case of sputtering gives enhanced ﬂexibility in tailoring certain properties of the
nanostructural thin ﬁlms. In addition, a wider range of materials
with better ﬁlm quality can be deposited using this method. The
inﬂuence of Ar pressure on the morphology and deposition rate
when α = 0◦ (normal incidence) is well understood. However, in
the case of GLAD, very limited systematic studies have been conducted. It has been shown that an increase in pressure causes a
decrease in the diameter of the nanorods and a subsequent increase in their density [23]. The Ar ﬂow rate, which is canonically
related to the Ar pressure, also has considerable impact on the
ﬁlm’s properties. The only study that has addressed this parameter was conducted by Y.J. Jiang et al. [24], but at normal incidence.
They observed a variation in the crystallinity of ZAO thin ﬁlms deposited at various Ar ﬂow rates. However, no studies have been
performed so far that address the inﬂuence of Ar ﬂow rates in the
case of GLAD.
The wide range to technological applications of tungsten ﬁlms,
for example, semiconductor interconnect layers as diffusion barriers [25], X-ray mirrors [26], X-ray ﬁeld as absorbing layer [27], ﬁeld
ionization [22], etc., has motivated us to do a study where both
morphology and surface roughness of tungsten thin ﬁlms can be
tailored. Therefore, a systematic study was carried out to address
the inﬂuence of Ar pressure and Ar ﬂow rate on the morphology and surface roughness of WNRs. Glancing Angle RF magnetron
sputtering was used to fabricate WNRs, at various Ar pressures and
ﬂow rates. To the best of our knowledge, this is the ﬁrst study that
reports the fabrication of WNRs with the co-existence of α -W and
β -W phases. A MATLAB program was developed to study the size
distribution of WNRs employing image analysis techniques. The
crystallographic phase analysis was carried out using XRD. SEM
and AFM techniques were used to study the morphology and surface roughness.
2. Experimental procedure
2.1. Tungsten nanorod fabrication
In this work, the WNR ﬁlms were deposited on glass substrate
(size of 2.5 cm × 2.5 cm) by means of RF magnetron sputtering.
After the substrates were cleaned by sonication in both acetone
and methanol, each for duration of 5 minutes, they were mounted
on a rotatable holder inside the chamber, 150 mm away from the
target (Fig. 1). For GLAD, the angle between the surface normal to
the substrate and surface normal to the target was 85◦ . The target was W with a purity of 99.9% purchased from ACI Alloys, Inc.,
USA. The pressure in the chamber was lowered using a cryo pump
supported by a mechanical pump to a base pressure of less than
2.0 × 10−6 mtorr. The substrate rotation was set to 30 rpm. Power
density of 7.64 W/cm2 was applied throughout the entire deposition process. To remove surface contamination of the target, it was
pre-sputtered for 5 minutes onto the shutter between the substrate
and the target prior to the deposition on the substrate. The depositions were carried out under four Ar pressures (0.5, 1.0, 5.0, and
10.0 mtorr) by introducing pure Ar at three different ﬂow rates
(3, 10, and 20 sccm) under each pressure separately for 60 minutes. A digital mass ﬂow rate controller was used to control the
argon ﬂow rate that introduced into the chamber through an injection gas positioned through the sheath just above the target, as
shown in Fig. 1. All WNRs thin ﬁlms were deposited at near room
temperature without substrate heating.
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Fig. 1. Schematic diagram of GLAD using RF magnetron sputtering method.

2.2. Topography
To study the inﬂuence of Ar pressure with the variation of its
ﬂow rate on the size of WNRs deposited on the glass substrate,
scanning electron microscopy (SEM) (JEOL SEM7000FE) was performed. The uniformity of the WNRs was investigated by taking
images from three different locations which were chosen randomly over the surface of the WNRs ﬁlms. The investigation of
surface roughness and surface morphology was carried out by using Nanoscope 3100 Atomic Force Microscopy. Tapping mode was
used to scan the surface of WNRs at three random locations. The
root mean square surface roughness R q of the three scanned locations was compared, and a reasonable correlation among the
results was achieved.
2.3. Image analyses
The image analysis technique was performed on the top-view
SEM images of the as-deposited WNRs, using image analysis tool in
MATLAB, to calculate the normal size distribution (Gaussian distribution) of WNRs. Typical image analysis steps are shown in Fig. 2.
A raw SEM image as shown in Fig. 2(a) was converted into a binary image by subtracting the background (noise). This resulted
in a subsequent increase in image contrast, leading to the binary
image with only bright and dark areas as shown in Fig. 2(b). The
bright and the dark areas were considered as the nanorods and the
voids, respectively. For better accuracy in determining the size of
nanorods, the nanorods located on the border of the image were
eliminated, where most of them are partially appeared in the image. Also, very small areas (less than 5 pixels) with poor brightness
were excluded. Because, those areas represent nanorods that have
not reached the surface and they vanished during the growth competition of islands as a result of shadowing effect. These nanorods
have little signiﬁcance in terms of morphology and corresponding
surface physical and chemical properties as their growth was completely terminated before they reach the surface.
Typically, the WNRs have pyramid shape tips [7,21] as seen in
Fig. 2(a). However, the rest of the nanorod body shows near circular shape. So, an assumption was made in the MATLAB mathematical code to assign a circular boundary covering the pyramid tip
to measure the diameter of the nanorod. The pixel scale in image
analysis was converted to nanometer scale by comparing it with
the bar scale at the bottom of SEM images. An illustration of the
detection of the nanorods by MATLAB code is shown in Fig. 2(c). As
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Fig. 2. Illustration of different steps involved in the image analyses technique using MATLAB to calculate normal size distribution of the nanorods.

seen in the ﬁgure more than 99.9% of nanorods have been identiﬁed by this technique. The resulted normal size distribution curve
is shown in Fig. 2(d). Overall, the number of nanorods involved in
the calculations per each image were ranged from 300 to 1000 depending on their density as the size of the SEM picture used for
the analysis is the same in all the cases. Finally, the image analysis
calculations were carried out for three SEM images that were taken
at three random positions of each sample. The size distributions on
three random locations of the samples have shown very good correlations indicating the nanorod distribution is highly uniform.
2.4. X-ray diffraction XRD analyses
X-ray diffraction XRD analyses, using a Bruker AXS D8 operating at 45 kV 30 mA with CuKα radiation source with λ =
1.5406 Å, were performed to study the crystallographic structure
of WNRs thin ﬁlms. Three-dimensional ﬁgures were plotted for the
diffracted intensities of the peaks that achieved the Bragg condition versus Ar pressure and the three Ar ﬂow rates of 3, 10, and
20 sccm.
3. Results and discussions
3.1. The inﬂuence of Ar pressure
Top view SEM images of the WNRs deposited under various
argon pressures of 0.5, 1.0, 5, and 10 mtorr and various argon

ﬂow rates of 3, 10, and 20 sccm for each pressure separately, are
shown in Fig. 3. From this ﬁgure, it can be seen that the lateral
size of WNRs decreases with the increase in Ar pressure, from top
to bottom, but for constant Ar ﬂow rates. This is due to the fact
that, with the increase in Ar pressure, sputtered atoms will undergo more and more scattering with plasma’s constituents, which
in turn causes a broadening in the angular distribution of sputtered atoms and a decrease in their mean free paths. Consequently,
the sputtered atoms can reach the shadowed areas and increase
the density of nucleation sites on the substrate. Moreover, at high
deposition pressures, namely 5 to 10 mtorr, the WNRs begin to attach to each other creating bundles of WNRs at 5 mtorr and more
signiﬁcantly at 10 mtorr. Yanhong Ma et al. [23] reported similar
trends for Silicon nanorods (SiNRs) deposited by the GLAD technique. The surface roughness was also enhanced with the increase
in Ar pressure as shown in Table 1. At high Ar pressure of 5 and
10 mtorr, compared to low Ar pressures of 0.5 and 1.0 mtorr, lower
deposition rates would be obtained. The higher rate of scattering between the sputtered atoms and Ar atoms at high pressures
causes lower rates of sputtered atoms to reach the substrate. Consequently, the sputtered atoms have enough time to diffuse over
the surface, without being masked by the incoming atoms. Large
features, WNRs bunches, and larger voids can be seen in the case
of WNRs deposited at high pressures of 5 and 10 mtorr, as illustrated in Fig. 3, without being densely packed. The inﬂuence of
the deposition rate on the surface roughness of Cu sculptured thin
ﬁlms has been investigated by H. Savaloni et al. [17]. They have
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Fig. 3. Top-view SEM images and Gaussian distribution for WNRs grown at [(a), (b), and (c)] 0.5 mtorr with Ar ﬂow rates (3, 10, and 20 sccm, respectively), [(d), (e), and (f)]
1.0 mtorr with Ar ﬂow rates (3, 10, and 20 sccm, respectively), [(g), (h), and (i)] 5.0 mtorr with Ar ﬂow rates (3, 10, and 20 sccm, respectively), [(j), (k), and (l)] 10 mtorr
with Ar ﬂow rates (3, 10, and 20 sccm, respectively). All the insets are in the same scale (X axis: nanorod diameter (nm), full scale 0–70; Y axis: density of nanorods, full
scale 0–450).
Table 1
Root mean square surface roughness of the as-deposited WNRs under various Ar pressures and Ar ﬂow rates.
Ar pressure (mtorr)

0.5

Ar ﬂow rate (sccm)
R q (nm)

3
2.41

1.0
10
2.37

20
2.31

3
2.024

5.0
10
2.44

shown that an increase in deposition rate leads to a decrease in
the degree of surface roughness.
Fig. 3 is the three-dimensional XRD characterization of WNRs
that deposited at various Ar pressures of 0.5, 1.0, 5.0, and 10 mtorr

20
2.43

3
5.24

10.0
10
6.01

20
5.89

3
8.02

10
5.77

20
6.63

with three Ar ﬂow rates of 3, 10, and 20 sccm for each pressure separately. It was shown that the metastable phase of WNRs
β -W, with crystal orientation of (210) and (400), is predominant
at low Ar pressure with constant Ar ﬂow rates. However, WNRs
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Fig. 4. Three-dimensional XRD patterns for WNRs deposited on glass substrate under various Ar pressure of: (a) 0.5 mtorr and Ar ﬂow rates of 3, 10, and 20 sccm, (b) 1.0 mtorr
and Ar ﬂow rates of 3, 10, and 20 sccm, (c) 5.0 mtorr and Ar ﬂow rates of 3, 10, and 20 sccm, (d) 10 mtorr and Ar ﬂow rates of 3, 10, and 20 sccm.

that deposited at high Ar pressure of 5 and 10 mtorr exhibit the
Tungsten stable phase α -W with the (110) peak. This phenomenon
could be due to the fact that, at low Ar pressures and because
of lower density of WNRs, the oxygen atoms have larger incorporation in interstitial positions at the boundaries of WNRs. But
the case is opposite at high Ar pressures, where the WNRs have
higher densities to the extent of producing the glomeration of the
WNRs. Karabacak et al. [21] have reported the creation of β -W
phase in the case of GLAD and α -W phase in the ﬁlms deposited
at normal ﬂux incidence, both depositions being conducted at relatively low Ar pressure. However, the competition between the
two phases is also reported in the case of thin ﬁlms deposited at
normal ﬂux incidence. Djerdj et al. [19] have observed that the increase in Ar pressure causes an increase in lattice parameters and
eventually the dominance of tungsten metastable phase. They suggested that this phase transformation is due to the incorporation
of both Ar and W atoms in interstitial positions. In addition, it can
be noticed from Fig. 4 that the crystallinity of WNRs diminishes
with the increase in Ar pressure. Eventually, at very high Ar pressures, amorphous thin ﬁlms would be obtained. The increase in

the deposition pressure enhances the density of nucleates formed
on the substrate which diminishes the adatom mobility. Eventually, there would not be enough kinetic energy for sputtered atoms
that have undergone more frequent scattering with Ar atoms before reaching the substrate to be arranged in thermodynamically
preferred crystallinity. The same trend has also been conﬁrmed for
some other materials, such as Cu, in the case of normal ﬂux incidence [28].
In this work, which is the fabrication of WNRs at glancing angle
instead of normal ﬂux incidence, the evolution of crystallographic
phases can be explained more practically in terms of competition
between shadowing effect and adatom mobility. Fundamentally, it
is well known that the thin ﬁlm crystallographic phases are highly
dependent on the deposition conditions. In the case of sputtering
the sputtered atoms inherit high kinetic energy from accelerated
Ar ions impinged on the target. Consequently, the deposited atoms
on the substrate have high surface adatom mobility to compete
with the shadowing effect. The competition promotes the growth
of nanorods with composite phase (α -W and β -W) with different crystal orientations. Therefore, at low Ar pressures of 0.5 and
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1.0 mtorr and various Ar ﬂow rates the existence of the composite
phase and different crystal planes is quite signiﬁcant. With the increase in Ar pressure the sputtered atoms undergo more collisions
with the plasma constituents that in turn cause a decrease in the
kinetic energy of the deposited atoms. The less energized atoms
mostly to stabilize on the substrate thermodynamically, leading to
the stable phase α -W with smaller crystal parameters.
3.2. The inﬂuence of Ar ﬂow rates
Fig. 3 shows Top view SEM images of WNRs deposited on glass
substrate under various Ar pressures of 0.5, 1.0, 5, and 10 mtorr,
arranged from top to bottom, respectively, by introducing three
different Ar ﬂow rates of 3, 10, and 20 sccm for each pressure
separately, arranged from left to right, respectively. The normal
distributions of the diameter of WNRs for all the top view SEM images are also inset in Fig. 3. It can be seen that their morphology is
signiﬁcantly affected by the variation of Ar ﬂow rates, particularly
at low pressures. The Gaussian distribution of the size of WNRs,
deposited at constant pressure of 0.5 mtorr but differing Ar ﬂow
rates of 3, 10, and 20 sccm, reveals that the WNRs’ diameter increases from 12 to 18 and then to 25 nm, respectively. For the
WNRs that were deposited at constant 1 mtorr pressure and various Ar ﬂow rates of 3, and 10, the diameters increased from 16 to
18 nm, respectively, except for WNRs deposited at Ar ﬂow rate of
20 sccm, where their diameters decreased to 12 nm. However, at
the high pressures of 5.0 and 10 mtorr, the opposite scenario occurs. At 5.0 mtorr, the diameter of WNRs deposited at Ar ﬂow rates
of 3, 10, and 20 sccm are 18, 14, and 10 nm, respectively. WNRs
deposited at 10 mtorr with Ar ﬂow rates of 3, 10, and 20 sccm
have the average diameters of 10, 8, and 5 nm, respectively.
The three-dimensional XRD graphs depicted in Fig. 4 demonstrate the competition between the two phases of tungsten which
is more predominant at low Ar pressures. WNRs deposited at the
constant Ar pressure of 0.5 mtorr but various Ar ﬂow rates prefer the metastable phase β -W with the dominant peak of (200).
The competition is comparable for WNRs deposited at a constant
Ar pressure of 1 mtorr with the increase of the Ar ﬂow rates. In
the case of 10 sccm, the stable phase α -W with the (110) peak is
dominant. At relatively high Ar pressures of 5 and 10 mtorr, the
thermodynamically preferred phase α -W is predominant with the
same peak of (110). At low deposition pressure values, the deposition rate increases with the increase in Ar ﬂow rates, and the
concrete evidence for this hypothesis is the bias voltage. At low
pressures of 0.5 and 1.0 mtorr, the bias voltage drops dramatically
with the increase of ﬂow rates but remains almost stable at high
pressures of 5 and 10 mtorr, as shown in Fig. 5. Generally, the decrease of bias voltage at constant power means that the Ar ion
conductivity is enhanced by the increase in the density of Ar ions
and subsequent increase in the deposition rate. Therefore, with the
increase in deposition rate, the diffused atoms would be masked
by the incoming atoms before getting the chance to be positioned
at low energy positions (thermodynamically more favorable situations). In addition, the increase in Ar ﬂow rates in the case of low
Ar pressure increases the rate of Ar atoms’ incorporation into the
interstitial positions. For WNRs deposited at high Ar pressures of 5
and 10 mtorr, the inﬂuence of Ar ﬂow rate is very poor. This can
be noticed from the bias voltage values which remain almost constant. This means that the increase in the ﬂow rate of Ar at high
pressures makes no contribution to Ar ion conductivity and deposition rate. To the best of our knowledge, the only study that has
been performed to illustrate the inﬂuence of Ar ﬂow rate on the
thin ﬁlm properties was conducted by Y.J. Jiang et al. [24]. In that
study, under normal ﬂux incidence, it was shown that the increase
in Ar ﬂow rate causes the lattice distortion residual stress of the
ﬁlm.

Fig. 5. Bias voltage variation with the increase in Ar ﬂow rates.

The AFM images depicted in Fig. 6 show the inﬂuence of variation of both Ar pressures and Ar ﬂow rates on the surface morphology of WNRs. The surface roughness R q of WNRs ﬁlm increases from 2.02 to 8.02 nm with the increase of Ar pressure from
0.5 to 10 mtorr. As mentioned above, the increase in Ar pressure
causes a decrease in the deposition rate [29]. Also, the sputtered
atoms don’t have enough kinetic energy (decrease in mean free
path due to large number of collision with Ar atoms) to diffuse
over the surface and ﬁll the voids. On the other hand, the surface
roughness R q as the function of Ar ﬂow rates decreased with the
increase in Ar ﬂow rates. This can be attributed to the increase in
the deposition rate at low pressures and the increase in the density of WNRs at high pressures. In both cases, the WNRs would be
packed more densely compared to their counterparts.
4. Conclusions
The morphology and surface roughness of WNRs fabricated on
glass substrate by RF magnetron sputtering, employing the GLAD
technique, were tailored by the variation of pressure and ﬂow
rate of the working Ar gas. The co-existence of the two phases of
WNRs, α -W and β -W, was observed for the ﬁrst time to the best of
our knowledge. At low Ar pressures the two phases were in competition with the variation of Ar ﬂow rate but the stable phase,
α -W, signiﬁcantly dominated at high Ar pressures. It was observed
that the appearance of the two phases is highly dependent on the
competition between shadowing and adatom mobility in addition
to the rate of incorporation of both oxygen and Ar atoms in the
interstitial positions during the deposition. Therefore, we can conclude that the creation of a particular phase is correlated to the
variation in the deposition working gas pressure and ﬂow rate.
Pressure increase resulted in a decrease in the size of WNRs and
an increase in their density. The surface roughness of the WNRs
was enhanced by the increase in Ar pressure. However, the opposite trend was noticed when the Ar ﬂow rate increases at constant
Ar pressures. In addition, the increase in Ar ﬂow rates at low Ar
pressures increases the Ar ion density and then enhances the ion
current conductivity with a consequent increase in the deposition
rates.
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Fig. 6. AFM Images of the surface morphology of WNRs ﬁlms produced with different Ar pressures and Ar ﬂow rates of: (a, b, and c) at 0.5 mtorr with Ar ﬂow rates of 3,
10, and 20 sccm, respectively.(d, e, and f) at 1 mtorr with Ar ﬂow rates of 3, 10, and 20, respectively). (g, h, and f) at 5 mtorr with Ar ﬂow rates of 3, 10, and 20 sccm,
respectively. And (j, k, and l) at 10 mtorr with Ar ﬂow rates of 3, 10, and 20 sccm, respectively. All the images are in the same scale (X axis: 1 micron; Y axis: 1 micron;
Z axis: 100 nm).
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